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Background/Aims: The role of podocytes is well conserved across species from drosophila to 2 
teleosts, and mammals. Identifying the molecular markers that actively maintain the integrity 3 
of the podocyte will enable a greater understanding of the changes that lead to damage. 4 
Methods: We generated transgenic zebrafish, expressing fluorescent reporters driven by the 5 
podocin promoter, for the visualization and isolation of podocytes. We have conducted single 6 
cell RNA sequencing (scRNA-seq) on isolated podocytes from a zebrafish reporter line. 7 
Results: We demonstrated that the LifeAct-TagRFP-T fluorescent reporter faithfully replicated 8 
podocin expression in vivo. We were also able to show spontaneous GCaMP6s fluorescence 9 
using light sheet (single plane illumination) microscopy. We identified many podocyte 10 
transcripts, encoding proteins related to calcium-binding and actin filament assembly, in 11 
common with those expressed in human and mouse mature podocytes. Conclusion: We 12 
describe the establishment of novel transgenic zebrafish and their use to identify and isolate 13 
podocyte cells for the preparation of a scRNA-seq library from normal podocytes. The scRNA-14 
seq data identifies distinct populations of cells and potential gene switching between clusters. 15 
These data provide a foundation for future comparative studies and for exploiting the zebrafish 16 






Located within the glomerular capsule, the podocyte forms the outermost layer of the 21 
glomerular filtration barrier - a key component of the nephron, which is the functional unit of 22 
the kidney (Fig.1). The fundamental importance of podocytes is highlighted by the conserved 23 
nature of podocyte function across a myriad of species [1][2, 3]. Podocytes play a vital role in 24 
filtration, forming a selectively permeable barrier, preventing larger charged proteins within the 25 
glomerular capillaries from passing through into the urinary ultrafiltrate in the capsular space 26 
[4].  27 
Podocytes are highly ramified epithelial cells, which envelope the glomerular capillaries (Fig. 28 
1d,e). The podocyte is composed of three main cellular structures, the cell body, the main 29 
processes and the foot processes (pedicels) that form finger-like projections [5]. These 30 
interdigitate with foot processes of neighbouring podocytes, leaving minute gaps between them. 31 
These gaps, known as slit diaphragms, are a specialised type of intercellular junction, the 32 
formation of which, requires nephrin, and the podocyte-specific podocin, amongst other 33 
proteins [6-8]. Podocin is pivotal to maintaining both the development of lipid rafts and the 34 
structural integrity of the slit diaphragm [9].  35 
Podocytes are often referred to as a type of specialised renin precursor cell. Podocytes can 36 
communicate with one another using neurone-like signalling through the release of 37 
neurotransmitter glutamate, which is released via vesicles comparable to the glutamatergic 38 
signalling system seen in neurones [10]. Calcium ions also play an essential part in podocyte 39 
cell interaction and signalling [11].  40 
Podocyte damage is a common pathology observed in renal disease, such as Focal Segmental 41 
Glomerulosclerosis [12, 13] or diabetic nephropathy [14] - evidence of their vital role in kidney 42 
functionality. Cell function can be adversely affected by exposure to toxins, which disrupt the 43 
organisation of actin filaments within the cells, and lead to podocyte effacement [15, 16] and 44 
proteinuria.  The zebrafish is becoming a key model for in vivo drug screening [17] during 45 
larval kidney development, and adult kidney injury [18, 19]. 46 
The transgenic (tg) line Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-TagRFP-T) was designed to 47 
specifically express two reporters under the podocin promoter - the calcium indicator, 48 
GCaMP6s [20, 21], which therefore potentially marks early developing or damaged podocytes 49 
[22], together with LifeAct-TagRFP-T, a red fluorescence protein conjoined with LifeAct, 50 
which binds to F-actin [23]. This allows visualisation of the actin filaments that are intimately 51 
involved in the cytoskeletal architecture of the podocyte foot processes [24]. Adult transgenic 52 
zebrafish were used as the source of podocytes, which were FAC sorted and processed for single 53 
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cell RNA sequencing (scRNA-seq), to provide their transcriptional profile.  This was compared 54 
with the profiles from higher organisms.	55 
3.	Materials	and	Methods	56 
Animal Husbandry   57 
All experiments were conducted and approved by the University of Edinburgh Animal Welfare 58 
and Ethical Review Body (AWERB) and in accordance with the UK Home Office Animals 59 
Scientific Procedures Act 1986. Zebrafish (Danio rerio; WIK background) were maintained at 60 
28.5°C [25]. Adult fish were anaesthetized via immersion in 4.2 mg/ml tricaine and the kidney 61 
was harvested at this point.  62 
Generation of Fish Lines  63 
The transgenic zebrafish lines used in this work were Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-64 
TagRFP-T;cryaa:CFP) and a cross between Tg(-2.5nphs2:KillerRed;cryaa:CFP) and 65 
Tg(flk:EGFP). The transgene constructs were created using gateway cloning (Invitrogen) in an 66 
expression vector carrying the cyan reporter under the eye-specific crystallin, alpha a promoter 67 
(cryaa:CFP). The component parts of the expression vector (Fig. 2a) were a 2.5-kb podocin 68 
(nphs2) promoter, which had previously been shown to direct podocyte-specific expression in 69 
mice [26] driving either the GCaMP6s calcium indicator linked through a P2A cleavage site to 70 
the LifeAct-TagRFP-T or KillerRed. Expression vectors were co-injected with transposase 71 
mRNA, using the Tol2 kit (Invitrogen), into wild type WIK zebrafish embryos.  72 
Microscopy	73 
Incisions were made either side of the abdomen, and skin, swim bladder and internal organs 74 
were peeled back to expose the kidney. The kidney (Fig.1b-c) was peeled away from the 75 
backbone, placed under a cover slip with a drop of phosphate buffered saline, gently 76 
compressed to flatten the sample, sealed and mounted on the DMI8-CS Sp8 confocal 77 
microscope. Images were obtained using a 63x/ 1.4NA oil HC PL APO Cs2 objective with 78 
ALEXA 488 and mCherry filters. 79 
Mesolens 80 
The Mesolens is a giant objective lens with the unique combination of low magnification and 81 
high numerical aperture (4x/0.47) [27]. The lens is designed for confocal imaging of tissue 82 
volumes up to 100 mm3 with sub-cellular resolution throughout. Specimens were mounted in 83 
phosphate buffered saline (Thermo Fisher, GIBCO) within a custom mounting chamber for 84 
long-term immersion [28]. Two laser lines with wavelengths of 488nm and 561nm (Omicron) 85 
at average powers of 3mW and 12mW respectively were used for simultaneous excitation of 86 
fluorescence from EGFP and KillerRed. The fluorescence signals were separated using a 87 
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550nm long-pass dichroic filter (DMLP550R Thorlabs), with the EGFP signal propagating 88 
through a 525/39 bandpass filter (MF525-39) and the KillerRed signal passing through a 89 
600nm long-pass filter (FEL0600, Thorlabs). The fluorescence signals were detected by 90 
individual photomultiplier tubes. Images were acquired with Nyquist sampling in all 91 
dimensions (pixel size of 500nm in xy, z-step size of 3 µm), and each optical section was 92 
averaged over n=2 frames. Images were deconvolved with Huygens Professional version 93 
19.04 (Scientific Volume Imaging, http://svi.nl), using the CMLE algorithm, with a signal-to-94 
noise ratio of 40:1 and 10 iterations. Digital movies zooming into regions of interest were 95 
created using the FIJI distribution of ImageJ [29]. 96 
Selective Plane Illumination Microscopy (SPIM)  97 
Healthy embryos from the Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-TagRFP-T;cryaa:CFP) line 98 
were treated with 1-phenyl-2-thiourea (PTU) at approximately 8 hpf (hours post fertilisation) 99 
to suppress the development of pigmentation. From 3 dpf (days post fertilisation), larvae were 100 
selected and immersed in mivacurium chloride at 0.5 mg/ml. After 10 minutes, the 101 
immobilised larvae were mounted individually in 1% low melting point agarose in a capillary 102 
tube attached to a syringe. The capillary tube's open end was capped and undisturbed until the 103 
agarose had solidified, holding the larvae in place. The apparatus containing the syringe, the 104 
capillary tube and the immobilised larva was mounted into our custom built SPIM microscope 105 
[30] for imaging. The larva was orientated so that the glomerulus was visible. Images were 106 
obtained using  a 16X 0.8 NA Nikon CFI LWD Plan Fluor water dipping objective 107 
(N16LWD-PF). Laser excitation was at 488 and 561 nm, using a Versalase laser system 108 
(Vortran), as previously published [31]. 109 
Laser power of 11mW was used to orientate the larva without induction of a calcium 110 
response. Laser power of 20mW induced injury in podocytes, and the subsequent presence of 111 
Ca2+ ions was detected by the calcium sensor, GCaMP6s, within the podocytes. The resultant 112 
green fluorescence was recorded over time (acquisition time 0.2s; interval between images 113 
15s).  After imaging, the larva was removed from the capillary tube and allowed to recover 114 
briefly in conditioned water at 28.5 °C and was then fixed for later analysis. 115 
Dissociation of Podocytes from the Kidney  116 
Adult Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-TagRFP-T;cryaa:CFP) zebrafish were used as the 117 
source of podocytes. Kidneys were dissected as above and transferred to ice-cold Leibowitz-15 118 
(L-15) medium. Cells were dissociated in medium supplemented with the psychrophilic 119 
enzyme, cold activated protease (NATE0633, 20mg/ml), DNAse (400units/ml), Liberase 120 
(85µg/ml) and collagenase IV (2mg/ml) and CaCl2 (5mM), at 6oC for 15 minutes with 121 
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trituration every 5 minutes. The temperature was increased to 28oC for a further 15 minutes, 122 
(again with trituration, but using a smaller diameter pipette tip). Dissociated kidneys were 123 
passed through a 40 µm cell strainer before centrifugation. Cells were resuspended prior to FAC 124 
sorting in PBS with 2% fetal calf serum. A WIK mesonephric kidney was used as an auto-125 
fluorescent control (blue excitation 488nm; emission filter 695/40). Live-dead cell count was 126 
assessed by 4′,6-diamidino-2-phenylindole stain ( DAPI-UV excitation 360nm; emission filter 127 
450/50) and singlets (FSC-A versus SSC-A) were gated for red fluorescence (excitation 561nm; 128 
emission filter 582nm/15-A), using the BD FACS Aria II SORP (Becton Dickinson, Basel, 129 
Switzerland) with a 100µm nozzle. 130 
10x Chromium single cell Library workflow 131 
Single cells were processed using the Chromium™ Single Cell 3′ Library and Gel Bead Kit v2 132 
(10X Genomics, PN-120237) and the Chromium™ Single Cell A Chip Kit (10X Genomics, 133 
PN-120236) as per the manufacturer’s instructions. In brief, single cells were sorted into PBS 134 
+ 2% FBS, and washed once. An estimated 7-10,000 cells were added to each lane of a 10X 135 
chip and partitioned into Gel Beads in emulsion, where cell lysis and barcoded reverse 136 
transcription of RNA occurred, followed by amplification, fragmentation and 5′ adaptor and 137 
sample index attachment. Libraries were sequenced on an Illumina HiSeq 4000. 138 
Transcriptome libraries were mapped to a Danio rerio reference genome constructed from the 139 
zebrafish GRCz11 genome assembly. Briefly, reporter gene coding sequences were fused to 140 
the Ensembl 96 gtf file and the reference genome was built using the cellranger mkref software. 141 
Single cell RNA sequences, with associated UMIs, were aligned to this amended reference 142 
genome using Cell Ranger v2.1.0 Single-Cell Software Suite from 10X Genomics. 143 
The resultant datasets were analysed using the Seurat R package v2.4.3 [32] as per the clustering 144 
workflow. Briefly, genes expressed in fewer than three cells or cells expressing fewer than 200 145 
genes or mitochondrial gene content > 30% of the total UMI count were excluded. We 146 
normalized using the global-scaling “LogNormalize” transformation. Highly variable genes 147 
were identified using Seurat’s ‘FindVariableGenes’ function with default parameters. 148 
Dimensionality was reduced by principal component analysis (PCA). We performed 149 
unsupervised clustering and differential gene expression analyses using SNN graph-based 150 
clustering, and the first 18 principal components as determined by variability in the PC Elbow 151 
Plot. The number of clusters was tuned using the resolution parameter. Heatmaps, t-SNE 152 
visualizations, and violin plots were produced using Seurat functions. Pseudotime between 153 




As part of a wider strategy to develop tools for understanding mechanisms underlying renal 156 
damage, we established a series of novel transgenic zebrafish strains, expressing fluorescent 157 
reporters specifically within podocytes. These include strains with the podocin promoter 158 
driving expression of LifeAct-RFP, in which the fluorophore binds to the cytoskeleton; 159 
GCaMP6s, which binds to Ca2+; and KillerRed, through which optogenetic approaches allow 160 
cell specific ablation of podocytes [30]. These strains were crossed with lines expressing 161 
fluorescent reporters marking vasculature or kidney tubules, as required. Representative 162 
images, showing fluorescent podocytes expressing KillerRed or LifeActRFP within the fish 163 
glomeruli, captured using the Mesolens and confocal microscopy respectively, are shown 164 
(Fig.2b,c; Supplementary file S2).  165 
The LifeAct-RFP fluorescent reporter faithfully replicated podocin expression (Fig.2c) and was 166 
restricted to podocytes in both the pronephros and mesonephros (only the latter is shown). 167 
during imaging by light sheet microscopy. We discovered that increasing laser power to 20mW 168 
caused spontaneous podocyte injury in pronephric glomeruli and fluorescence of the calcium 169 
sensor, suggesting Ca2+ uptake/release into the podocyte cytoplasm. Green fluorescence was 170 
seen at multiple locations over the course of the experiment, and exemplary stills are shown 171 
(Fig.2d; full video: Supplementary file S3). 172 
Cell dissociation and FACs sorting 173 
Zebrafish kidneys were initially treated with a cocktail of enzymes, including cold activated 174 
protease, at 6oC. This dissociated the kidney sufficiently to release glomeruli, which were 175 
dissociated further by transferring the mixture to 28oC. The two-stage dissociation protocol 176 
minimised exposure of podocytes to a higher temperature and thus limited cell damage prior to 177 
FAC sorting (For typical run see Supplementary Fig.S1). Eight adult kidneys yielded sufficient 178 
numbers of podocytes for the generation of a 10X scRNA-seq library. Cell Ranger v2.1.0 179 
Single-Cell Software Suite yielded information on approximately 2,200 cells. 180 
Identification of Cell Clusters  181 
Principal component analysis allowed non-linear dimensional reduction of the scRNA-seq data 182 
and tSNE plots were used to group similar cells into clusters, the number of which was adjusted 183 
by altering the resolution. Increase in the resolution parameter sets the granularity of clustering 184 
leading to higher numbers of clusters. Since the mesonephric kidney grows continuously in the 185 
zebrafish, we wanted to separate podocytes spanning a range of stages in development and 186 
maturity. Resolution 0.3 returned five clusters of cells (Fig.3a) and was used in all further 187 
analysis.  188 
8 
 
Violin plots were used to show the expression probability distributions across clusters (Fig.3b). 189 
These plots show that expression of podocin (nphs2), nephrin (nphs1) and podocalyxin-like 190 
(podxl) was observed across all clusters , and was highest in groups 0, 1 and 2. Likewise, the 191 
two reporters LifeActRFP and GCaMP6s were most highly expressed in clusters 0, 1 and 2. 192 
The  overlap of gene expression across clusters could be attributed to the up or downregulation 193 
of specific genes, during podocyte maturation.  Other genes showing a similar distribution were 194 
profilin 2 (pfn2), which positively promotes actin filament assembly, the calcium-binding 195 
protein gene, efhd1, and the transcription factor lm1bb. Genes which showed increased 196 
expression in clusters 3 and/or 4 included the cytokine receptor cxcr4b, cofilin-1-like (cfl1l), 197 
which is involved in actin filament depolymerization and the apoptotic regulator, pmaip1. 198 
Feature plots were used as an alternative way to demonstrate the extent of podocin and nephrin 199 
expression across the clusters in comparison to the expression of the fluorescent reporter genes 200 
(Fig 3c). These again show that podocin is highly expressed across podocytes, while GCaMP6s 201 
and LifeActRFP show lower levels of steady state transcription under the podocin promoter. It 202 
should be noted that cells were sorted using RFP fluorescence, and that podocin is a marker of 203 
mature podocytes. The  scRNA-seq data provide a snapshot of the genes that were actively 204 
transcribed at the time of processing. Although the fluorescent protein was present in the cell 205 
during FAC sorting, this plot suggests that the GCaMP6s  and LifeAct-RFP genes were not very 206 
actively transcribed, or that the transcripts are less stable than the endogenous podocin transcript 207 
(Fig.3b&c). scRNAseq data is deposited at Edinburgh Datashare 208 
(https://doi.org/10.7488/ds/3021). 209 
Comparisons with Gene Expression in alternative species 210 
The gene transcription profile of podocytes identified in our zebrafish scRNA-seq dataset was 211 
compared with corresponding transcription profiles from human [34] and mouse [35, 36] 212 
podocytes. We found very few markers designated ‘early’ from human data apart from the 213 
monocarboxylate transporter, slc16a1a, which was transcribed in a small subset of cluster 0 214 
cells (Fig4a) and the ‘early’ transcription factor, lmx1bb, though this was more widely 215 
distributed through clusters 0, 1 and 2, suggesting it is retained in more mature podocytes. 216 
Additional transcription factors identified were foxd2 and foxc1a (Fig.4b) and mafba (data not 217 
shown). This probably reflects the fact that we FAC sorted podocin-expressing cells, and 218 
podocin is not expressed very early in podocyte development. 219 
Genes expressing calcium-ion binding activity are associated with podocyte development, and 220 
the presence of these genes in a cluster may indicate that it contains young or developing 221 
podocytes. The zebrafish scRNA-seq data identified a number of genes including osteonectin 222 
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(sparc), efhd1, annexins 2a and 13 (anxa2a; anxa13) and S100A10b, which were differentially 223 
expressed between the clusters (Table1). Anxa13 was widely expressed but anxa2a was limited 224 
to podocytes also expressing slc16a1a (proposed early podocytes) or those in clusters 3 (see 225 
Fig.4c) 226 
Genes involved with actin filament binding or assembly are shown in Table 2. These included 227 
myozenin 1b (myoz1b), syndecan 4 (sdc4), myosin light chain 9a (myl9a), profilins 1 and 2 228 
(pfn1; pfn2) and thymosins b1 and b4x (tmsb1; tmsb4x), many of which were differentially 229 
expressed. Of note, tmsb1 and pfn1 were limited to clusters 3 and 4 (Fig4c&d). The other genes 230 
were expressed extensively throughout clusters 0, 1 and 2, and are associated with developing 231 
or mature podocytes.  232 
A large number of ‘late’ podocyte markers [34] were found in the zebrafish dataset, including 233 
vegfaa and vegfab, col4a3 and col4a4, clic2, gadd45a and gsna, all of which were widely 234 
expressed, as was connexin 43, encoded by cx43, which contributes to gap junctions, providing 235 
routes of intracellular diffusion. Of interest, were a number of genes differentially expressed 236 
between clusters 0, 1 and 2 and clusters 3 and 4 (Fig.4).  237 
Podocalyxin-like (podxl), and the transcription factor mafba are both involved in pronephric 238 
glomerular morphogenesis, and were expressed extensively. However, ppdpfa expression, 239 
which is related to cell fate, and cfl1l, which is involved in the regulation of cytoskeletal 240 
dynamics and acts to depolymerise filamentous actin, were found in cluster 3, while pmaip1, 241 
along with the chemo-attractant receptor, cxcr4b, were distributed in clusters 3 and 4. This 242 
suggested that clusters 3 and 4 contain more mature podocytes initiating apoptosis and the 243 
subsequent signalling of clearance by phagocytes [37, 38]. 244 
Pseudotime analysis 245 
Pseudotime analysis using Monocle suggested that there were five distinct states in the cell 246 
expression data, indicating a progression through stages in podocyte development (Fig3d). 247 
We were able to superimpose pseudotime on the Seurat-derived clusters (Fig3e), suggesting 248 
that clusters 3 and 4 are at a later stage in development. This confirms our conclusion that 249 
these clusters may represent aging podocytes earmarked for disposal. It should be noted that 250 





The new transgenic zebrafish lines we describe here should prove	useful in the understanding 254 
of podocyte development and injury processes. We have demonstrated that both KillerRed and 255 
LifeAct-RFP faithfully mark podocytes. Notably, we were able to demonstrate Ca2+ uptake or 256 
release into the podocyte cytoplasm, using the GCaMP6s fluorescent reporter, following high 257 
power laser illumination. It is possible that the laser light causes podocyte injury, both apoptosis 258 
and microtears, by mechanisms similar to those described previously in Drosophila epithelial 259 
wounds [39].	260 
As nephrogenesis is a continuous process within the mesonephric adult kidney of zebrafish, it 261 
would not be unusual for podocyte cells at a range of developmental stages to be present.  The 262 
paucity of early markers in the scRNA-seq data suggests that our selection protocol 263 
preferentially isolated more mature podocytes. This is to be expected since the reporters were 264 
driven by the podocin promoter.  265 
By identifying established gene expression for young and mature podocytes, it was possible to 266 
attribute maturity and function to the majority of podocytes within clusters. We surmised that 267 
cluster 0 contained a subset of early podocytes, while clusters 0, 1 and 2 comprised maturing 268 
and developing podocytes. Clusters 3 and 4 contained podocytes which were likely to be 269 
earmarked for apoptosis. Pseudotime analysis largely confirmed our predictions.  270 
Comparison of the zebrafish scRNA-seq data with transcription profiles of human and mouse 271 
podocyte libraries has revealed significant overlap in the respective transcription of genes 272 
associated with transcription factors, calcium ion binding proteins and actin filament assembly. 273 
This adds credence to the belief that the zebrafish is a suitable model for the study of renal 274 
function in healthy and diseased states. For example, the importance of lmx1bb, not only in 275 
podocyte progenitors but also in mature podocytes is borne out by observations in the Lmx1b 276 
knockout mouse. Knockout was lethal at birth, but inducible knockout in adults suggested that 277 
loss of Lmx1b leads to dysregulation of the actin cytoskeleton [40].  278 
There were a number of compelling gene switches between clusters 0, 1, and 2, and clusters 3 279 
and 4. These include the calcium ion-binding proteins, anxa13 and anxa2a (Fig.4c), and the 280 
actin-binding proteins pfn2 and pfn1 (Fig.4e). The apparent switch in expression of thymosin 281 
gene transcription between tmsb4x and tmsb1 (Fig.4d) is interesting. Thymosin maintains the 282 
podocyte cytoskeleton. It has been shown in the mouse that loss of Tmsb4x worsens glomerular 283 
disease by increasing podocyte migration from the glomerular tuft to Bowman’s capsule [41]. 284 
It is possible that the switch in thymosin enhances the normal progression of podocytes as they 285 
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age and are destined for removal. The same applies to the switch from timp2a to timp2b gene 286 
expression (Fig.4f), which may lead to alterations in extracellular matrix deposition, breakdown 287 
and turnover with podocyte senescence [42]. 288 
A limitation of scRNA-seq is that it only shows which genes were active within the cells at the 289 
time of isolation. The gene expression data derived from this scRNA-seq experiment, however, 290 
provides a baseline and allows us to interrogate gene expression in the undamaged podocyte.  291 
Conclusion 292 
These data serve as a platform for future studies to compare normal zebrafish podocyte 293 
transcription profile with that of injured podocytes, for example following exposure to high 294 
power laser  or puromycin amino-nucleoside (PAN) [16], which causes effacement and oedema, 295 
with a view to identifying indicators of injury, novel drug targets for repair and potentially the 296 
inhibition of biological pathways to prevent or slow injury progression.  297 







Supplementary Fig.S1: Typical gating parameters for FACs sort of podocytes on the BD 303 
FACS Aria II SORP. 304 
 305 
 306 
Supplementary file S2: Video taken with mesolens, of a 6mm x6mm optical section, zooming 307 
in to a region of interest, on a kidney squash of the Tg(-2.5nphs2:KillerRed),Tg(flk:GFP) 308 
zebrafish strain, revealing the sub-cellular resolution that is present throughout the entire 309 
dataset. The zoom movie was created using the FIJI distribution of ImageJ. 310 
 311 
Supplementary file S3: Video, linking images (image acquisition 0.2s, taken every 15 312 
seconds), of GCaMP6s fluorescence on illumination of Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-313 
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Fig. 1.  A schematic depiction of (a) an adult zebrafish (Danio rerio); (b) the approximate size 
and location of the zebrafish mesonephros (red shaded area). (c) the structure of the 
mesonephros, depicting the three sections of the zebrafish kidney. d) a highly-branched 
podocyte and e) a podocyte enveloping a glomerular capillary. The foot processes are 
interlaced with those of neighbouring podocytes, leaving tiny gaps in between to form the slit 
diaphragm.  
 
Fig.2. a) The expression vectors containing 2.5kb podocin (nphs2) promoter with GCaMP6s 
calcium indicator and LifeAct-TagRFP red fluorescent reporter or KillerRed; b) a region of 
interest from a confocal mesolens image of the strain  Tg(-2.5nphs2:KillerRed; flk:EGFP). c) 
typical confocal image of strain Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-TagRFP-T); (d) time 
lapse images of Tg(-2.5nphs2:GCaMP6s,P2A,LifeAct-TagRFP-T) showing GCaMP6s flashes 
(arrowed) across the larval glomeruli (dotted line) 
 
Fig.3. a) tSNE plot of the 5 podocyte cell clusters (resolution set to 0.3), from ‘0’ to ‘4’ and 
colour coded as shown in the legend; b) Violin plots showing expression of genes of interest 
in the five clusters; c) Feature Plots showing the extent of expression of nphs2, nphs1, 
LifeActRFP and GCaMP6s; d) pseudotime plot of expression states in Monocle and e) 
pseudotime mapped onto the Seurat tSNE clusters 
 
Fig.4.  Feature plots showing differentially-expressed pairs of genes across the podocyte cell 
clusters: a) lmx1bb and slc16a1a; b) foxd2 and foxc1a; c) anxa2a and anxa13; d) tmsb1 and 
tmsb4x; e) pfn1 and pfn2; f) timp2a and timp2b; g) podxl and ppdpfa; h) cxcr4b and pmaip1. 
(Per graph: red - high expression gene 1; blue – high expression gene 2; green – high 




Table 1 - genes encoding calcium binding proteins. Differential expression lists clusters 
where gene expressed; True (T) or false (F) reflects cluster-specific expression pattern  
 





efhd1 1900 0,2>3,4 T 
sparc 1870 0,2>3,4 T 
anxa13 1478 0,1,2>3 T 
s100a10b 1225 0>1,3 T 
aif1l 1059  F 
capns1b 956  F 
anxa11b 836  F 
capns1a 609  F 
anxa3b 515  F 
ccdc124 471  F 
anxa4 457  F 
calr 316  F 
cetn4 267  F 
anxa2a 206 3 T 
ccdc47 185  F 
anxa1a 164  F 
calm2a 148  F 
sptan1 139  F 





Table 2 - genes encoding actin filament binding proteins. Differential expression lists clusters 
where gene expressed; True (T) or false (F) reflects cluster-specific expression pattern 
 





tmsb4x 2143  F 
myoz1b 1856 0,1,2 T 
sdc4 1730 0,1,4>2>3 T 
myl9a 1224 0,1,2>3,4 T 
pfn1 1157 3,4>0,1,2 T 
aif1l 1059  F 
pfn2 1030  F 
tpm1 722  F 
1qgap2 554  F 
dag1 388  F 
phactr4 280  F 
actr10 229  F 
gmfb 206  F 
wasf2 205  F 
itgb6 167  F 
myo18ab 146  F 
tmsb1 139 3>4 T 
scinlb 119 3 T 
abracl 112 3,4 T 
actr10 117  F 
ywhah 116  F 
wasla 103  F 
macf1a 94  F 
ctnna1 60  F 
itgb2 60 3 T 
parvaa 58  F 
parvab 58  F 
itgb5 57  F 
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